In the present research work, crystallographic, optical, molecular, morphological and magnetic properties of Zn 1 − x Cu x O (ZnCu) and Zn 1 − x − y Ce y Cu x O (ZnCeCu) nanoparticles have been investigated. Polyvinyl alcohol (PVA) coated ZnCu and ZnCeCu nanoparticles have been synthesized by chemical sol-gel method and thoroughly studied using various characterization techniques. X-ray diffraction pattern indicates the wurtzite structure of the synthesized ZnCu and ZnCeCu particles. Transmission electron microscopy analysis shows that the synthesized ZnCu and ZnCeCu particles are of spherical shape, having average sizes of 27 nm and 23 nm, respectively. The incorporation of Cu and Ce in the ZnO lattice has been confirmed through Fourier transform infrared spectroscopy. Room temperature photoluminescence spectra of the ZnO doped with Cu and co-doped Ce display two emission bands, predominant ultra-violet near-band edge emission at 409.9 nm (3 eV) and a weak green-yellow emission at 432.65 nm (2.27 eV). Room temperature magnetic study confirms the diamagnetic behavior of ZnCu and ferromagnetic behavior of ZnCeCu.
Introduction
In recent years, one-dimensional (1D) nanostructures like nanowires, nanorods, nanobelts and nanotubes have attracted a great deal of interest in academic as well as industrial research [1, 2] . These nanostructures find applications in electronic devices and circuits, optoelectronic integrated circuits, electrochemical and electromechanical devices, etc. [3, 4] . Over the last decade, considerable attempts have been made for the development of various 1D semiconductor nanostructures with emphasis on III-V, and II-VI semiconductor compounds. Among various semiconductor compounds, zinc oxide (ZnO) is considered to be one of the most important nanomaterials due to its superior optoelectronic and magnetic properties [5] . ZnO is a direct wide band gap material * E-mail: mohitnano.nit@gmail.com (E g ∼ 3.3 eV at 300 K) in near-UV region [6] [7] [8] [9] [10] . Its large free exciton binding energy (60 meV) allows efficient excitonic emission over UV and visible region at room temperature [11, 12] . Some optoelectronic properties of ZnO overlap with that of wurtzite gallium nitride (GaN; E g ∼3. 4 eV at 300 K, 21 meV to 25 meV, widely used for production of green, blue, and white light emitting devices). As compared to GaN, only high purity large size single crystals of ZnO can be grown at laboratory as well industrial level. This might be due to the single crystal growth manufacturing technology only realized in ZnO, whereas it has never been available for GaN and other materials [11] . The development of electronic industry started with availability of wide gap semiconductor materials like germanium, silicon, gallium nitride [12] . Consequently, the need of newer wide gap semiconductor materials with high purity, large size single crystals has become apparent. This has led to an accelerating scientific interest in ZnO in electronic industry [13] . Other significant properties of ZnO material, due to which it exhibits interesting application in biomedical and textile industries is biocompatibility and biosafety [14, 15] . ZnO nanostructures doped with a small amount of magnetic impurities are among the most interesting new class of magnetic materials which find potential application in spintronics. The main challenge for any material to be utilized for spintronic application is to exhibit a Curie temperature above 300 K. ZnO doped with certain transition metal ions displays Curie temperature above 300 K, hence enabling its efficient application in spintronics [16, 17] . For spintronics applications, Sharma et al. [18] , in 2003 confirmed the ferromagnetic behavior of ZnO when doped with Mn. Dopant which is not properly incorporated to the ZnO lattice, leads to the formation of secondary phase. This is one of the main obstacles in creating ferromagnetism in ZnO [19, 20] . The recent work by Costa-Kramer et al. [19] , Garcia et al. [20] , and Liu et al. [21] , also confirmed that presence of magnetic ions is not exclusively responsible for the magnetic properties of ZnO; it is also strongly determined by defects in ZnO.
In the present research work, structural, optical, photoluminescence and magnetic properties of For the synthesis of ZnO, doped with copper (Cu) and co-doped with cerium (Ce), well-known chemical sol-gel method has been used [22, 23] . In a typical experimental process, desired molar ratio of precursor solutions were prepared from zinc acetate [(CH 3 COO) 2 Zn·2H 2 O], copper chloride (CuCl 2 ·6H 2 O) and cerium chloride (CeCl 3 ·2H 2 O). Polyvinyl alcohol (PVA) was used as a stabilizing agent for ZnO particles. Ethanol (C 2 H 6 O) and acetic acid (C 2 H 4 O 2 ) were mixed in the ratio of 3:1. Zinc acetate solution was added to it and stirred for two hours. In this solution, dopant Cu and co-dopant Ce were added in the desired stoichiometric ratio and stirred for another one hour. Further, to this molar solution (M), PVA was added in the molar ratio of M:PVA = 5:2. The reaction was completed with formation of precipitates. For the complete crystallization of precipitates, the solution was dried at 250°C and annealed at 700°C for two hours.
Characterization
The phase purity and crystal structure of the synthesized samples were determined from X-ray diffraction patterns recorded using X-ray diffractometer (PANalytical X'Pert Pro) with CuKα radiation source (1.542 Å). The size and morphology of nanoparticles were determined using transmission electron microscope (H-7500, Hitachi) operated at an acceleration voltage of 100 kV. Photoluminescence (PL) spectra of the Cu and Ce doped ZnO nanoparticles were recorded using a spectrofluorometer (Cary Eclipse, Varian). Surface stabilization of ZnO by PVA and incorporation of Cu and Ce into the ZnO lattice were analyzed using Fourier transform infrared (FT-IR) spectrometer (BX II, PerkinElmer). Magnetic behavior of ZnO doped with Cu and Ce were analyzed using vibrating sample magnetometer (7307, Lakeshore). [14] , the X-ray diffractograms and 2θ values of synthesized ZnO were found to be in fairly good agreement, thus confirming the hexagonal wurtzite phase of ZnO with a space group P6 3 mc for all samples. Lattice parameters for hexagonal wurtzite ZnO structure have been calculated using the following equations [24] :
where d is the spacing between lattice planes, a and c are lattice parameters, θ is the diffraction angle, λ is the incident wavelength; h, k and l are the Miller indices. Based on the whole spectra fitting method, the values of lattice parameters, i.e. a and c and crystallite size have been calculated and given in Table 1 . Fig. 2 and Fig. 3 show the high magnification and resolution images of ZnO doped with Cu and co-doped with Ce, taken with a transmission electron microscope (TEM). Fig. 2a shows the non-agglomerated particles with consistent shapes. Each spherical cloud consists of three to four particles. The nanometer bar scale in the TEM image confirms the nanometer size of the synthesized ZnO particles. Fig. 2b shows the histogram of size distribution for ZnCu nanoparticles.
Morphological analysis ZnCu and ZnCeCu nanostructures
The average size of synthesized particles has been calculated from TEM micrograph by plotting a histogram, and was found to be 27 nm for ZnCu. Fig. 3a also shows the bunch of non-agglomerated particles with consistent shapes. Each spherical cloud consists of four to six particles. The nanometer bar scale in the TEM image confirms the nanometer size of the synthesized ZnCeCu particles. Fig. 3b shows the histogram of size distribution of ZnCeCu nanoparticles. The average size of ZnCeCu particles has been calculated from TEM micrographs by plotting the histogram, and was found to be 23 nm.
Similar type of morphology and sizes of ZnO nanoparticles have also been observed by Pal et al. [25] . The values of average diameter (d) and length (l) of each particle have been given in Table 1 .
FT-IR analysis of ZnCu and ZnCeCu particles
The Fourier transform infrared (FT-IR) spectra of ZnCu and ZnCeCu have been shown in Fig. 4 and Fig. 5 , respectively. The spectra were recorded in the transmittance mode and were used to study various bands of Zn-O. In the absorption spectra (Fig. 4) of Cu doped ZnO, a number of absorption peaks can be observed. The wave number at 677.23 cm −1 is attributed to C-H bending of alkynes, 1233.62 cm −1 corresponds to vibrations of C-N stretching of aliphatic amines, 1587.34 cm −1 corresponds to C-C stretching of aromatics, 2338.15 cm −1 corresponds to C≡N stretching of nitriles and 3638.97 cm −1 corresponds to vibrations from O-H stretching of alcohols and phenols. Similarly, in the absorption spectra of Cu doped and Ce co-doped ZnO (Fig. 5) , we can observe the absorption peaks at wave number 656. Fig. 6 and Fig. 7 show the photoluminescence spectra of ZnCu and ZnCeCu samples (annealed at 700°C) at an excitation wavelength of 325 nm (3.81 eV). It shows an ultraviolet (UV) near-band edge emission at 409.9 nm (3 eV) and a broad green-yellow emission around 430.22 nm (2.27 eV). UV emission in the samples might be due to the recombination of free excitons through an exciton-exciton collision process [26] as well as transitions of excited optical centers from the deep level to the valence level (deep-level emissions are usually accompanied by the presence of structural defects and impurities). Green emission in ZnCu and ZnCeCu are caused by zinc interstitials, oxygen vacancies [26] and presence of singly ionized vacancies. Panigrahy et al. [27] proposed that the intensity of the green-yellow emission decreases after annealing the samples in oxygen rich environment. In the present research work, annealing of samples has been carried out at high temperatures (>700°C) which led to the variation in the concentration of defects, such as oxygen vacancy and zinc vacancy as compared to unannealed samples. Thermal diffusion process is mainly responsible for this phenomenon and due to this, more deep level defects are created. These deep level defect bands compete with the UV emission which further decreases UV emission intensity in ZnO. After the sample annealing, UV emission intensity depends upon two competing processes: recombination on the centers near the surface, which increases UV emission intensity and the formation of deep level defects which reduces the UV emission intensity. Therefore, the structural and optical properties can be modified by the sample annealing. Fig. 8 and Fig. 9 show the magnetization (M) versus applied magnetic field (H), i.e. hysteresis curves (M-H) for ZnCu and ZnCeCu samples respectively at room temperature. M-H curves (Fig. 8) show that ZnCu exhibits diamagnetic behavior whereas ZnCeCu sample ( Fig. 9 ) displays ferromagnetic behavior. The values of M s calculated from Fig. 8 and Fig. 9 are 0.0023 emu/g and 0.01318 emu/g for ZnCu and ZnCeCu samples, respectively (Table 1) . Magnetic nanostructures are commonly characterized by a high value of saturation magnetization (M s ). The variations in the values of M s depend on various factors, such as the shape and size of nanostructures, their stoichiometric ratio, concentration of dopants, lattice parameters, etc. The ferromagnetic interaction mechanism mainly includes two effects: the Ruderman-Kittel-Kasuya-Yosida (RKKY) mechanism [28] [29] [30] [31] and Bound Magnetic Polarons (BPM) formation [32] . RKKY is caused by the interaction of electronic spin of homogenously distributed dopant within the host materials whereas the formation of BMP is caused by the alignment of the spins in transition metal ions with those of weakly bound carriers (excitons within a polaron radius). The localized holes of the polarons act on the transition-metal impurities, leading to the production of an effective magnetic field by aligning all spins. The BMP model is inherently attractive for low carrier density systems such as ZnO.
PL study of ZnCu and ZnCeCu nanostructures

M-H study of ZnCu and ZnCeCu
M-H loop of ZnO doped with Cu (Fig. 8) shows the non-linear magnetic behavior of the compound. It confirms the diamagnetic nature of ZnCu with high value of coercive force around the origin. The value of coercive field (H c ) has been found to be 1497 Oe for ZnCu (Table 1 ). Similarly, M-H loop of ZnCeCu (Fig. 9) shows the nearly linear behavior of the compound. It confirms the ferromagnetic nature of the ZnO doped with Cu and co-doped with Ce, with low value of coercive force around the origin. The value of H c has been found to be 44 Oe for ZnCeCu ( Table 1 ). The small value of H c shows the overlapping around the origin in the M-H loop as explained on the basis of both size dependent as well as magnetic behavior of dopants Cu and Ce in ZnO.
Generally, in ferromagnetic materials, assemblies of single-domain nanoparticles show different types of magnetic behavior depending on their interparticle distances. In recent years much experimental and theoretical work has been carried out to understand the interactions between the dopants and host materials [33] . 
Conclusions
Copper doped and cerium co-doped ZnO nanoparticles have been successfully synthesized by sol-gel method using PVA as surfactant. The XRD pattern reveals the hexagonal wurtzite structure of the samples. TEM images show the average particle diameter of 27 nm and 23 nm, for ZnCu and ZnCeCu, respectively. FT-IR study confirms the effective incorporation of Ce and Cu in the ZnO lattice. PL spectra show UV near-band edge emission at 409.9 nm (∼3 eV) and a broad green-yellow emission band around 432.65 nm (∼2.27 eV). M-H curves show that ZnCu exhibits diamagnetic behavior whereas ZnCeCu sample exhibits ferromagnetic behavior. The saturation value of magnetization (M s ) for ZnCu and ZnCeCu has been found to be 0.0023 emu/g and 0.01318 emu/g, respectively. Small size of the synthesized particle might be the reason for higher values of M s in ZnCuCe as compared to ZnCu. Therefore, the synthesized particles may find wide applications in optoelectronics as well as spintronics in future.
